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; This second quarterly report presents results of an optical communications a.nd
tracking systems progream divided into three specific Tasks as follows:

Task I: Analyze laser communications, detection, and tracking systems

Task II: Disseminate the results of Task I through a lecture series,
and .

¥ Task III: Develop & microwave bandwidth dynamic crossed-field electron
- multiplier demodulator.

a Work in the second quarter is reported for all three tasks.

: Task I results for the second quarter include an analysis of laser receiver
stgtistics and noise, a further analysis of the utilization of the Goddard Range
Range Rate System on an optical carrier, a summary of noise sources with a
» d_pcussion of origin and effect, and an analysis of information theory aspects
wijierein quantum effects at optical frequencies are considered. Equations, charts,
and graphs are provided. ’

i Five lectures were given under Task II in the second quarter. Subject matter
included raediation laws and statistics, noise and fluctuations, detection statistics,
a.t}d information theory aspects.

{ Task III results for the second quarter include construction of cylindrical
geometry dynamic crossed-field electron multiplier light demodulators and preliminary
measurements of frequency response. Frequency response was indicated to at least
1 KMC. Photo-beats up to 600 MC have been detected from a gas laser source. Ulti-
mate frequency response has not been experimentally determined. Delivery of an
experimental tube will be accomplished within the next reporting period.
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1. TASK I EFFORT

1.1 Introduction

‘ Task I of the overall program relating to optical communication and
tracking systems is a study devoted to theoretical analysis of communications,
detection, and tracking systems. Task I will include work as specified below.

A. Emphasize thermal and quantum fluctuations under various conditions
gnd relate microwave noise theory to optical noise theory and the statistical nature
of fluctuations.

g B. Include an analysis of photomixing and direct photo-detection techni-
ques in light of NASA objectives and component state-of-the-art to deduce the mini-
mum noise system for various conditions.

C. Perform a noise analysis of various optical receiving devices in
different system configurations in order to establish the minimum noise system for
a variety of conditions.

D. Study the effects of the input optical bandwidth and the post detection

‘bandwidth upon system sensitivity.
- E. . Study the relationship of noise to coherence.

.F. Perform a specific noise study concerning the dynamic crossed-field
electron multiplier.

Work in the second quarter has been concerned with an analysis of noise
sources in laser systems.  Noise considerations are related to receiving systems
and the Goddard Range and Range Rate System. A comprehensive summary of noise
sources is given and aspects of information theory are examined.

1.2 Discussion
1.2.1 Laser Receiver Statistics And Noise

Although Poisson statistics are usually assumed at the optical
receiver, this may not necessarily be true in special cases where a highly coherent
laser is employed as the transmitter. The Poisson statistics result from non-
coherent or black body radiation. Lasers vhich are highly coherent will have
emission statistics different from that of a black body. The exact nature of these
:statistics have not been satisfactorily determined, however, it is clear that if
the photon fluctuation statistics at the laser transmitter are substantially differ-
ent from that of a black body signal, photon fluctuations at the receiver will also
be different.

The photon degeneracy of lasers, that is the number of photons in
each gquantum state, is greater than unity, thus much greater wave interaction
(thermal) noise will take place than for a black body.

body photon fluctuations at RF where, n®, except for the limiting output of

It appears that the ﬁton flactuationa would be that of black
‘the laser. This limiting action also denoted as wawe-amplitude stabilization,

1
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tends to substantially reduce the amount of fluctuations. Thus, the photon fluctua-
ttgnazat the laser transmitter will be somewhere in between the two cases of

- O a2 = 52 and Enz = fi; the latter case being that of a non-coherent optical

source.

, Yet, the theoretical quantum limitation or sensitivity may not be
_seriously affected. It can be considered that the fluctuation in time At will

be a time-varying Poisson process with the time variation a random process related
to bandwidth of the source. As the fluctuation 1,2 4 gliven for

2
"y
1

1“
Bo>> 7%

*

K; = R [1+Fﬁ—l;o—]

In post-detection bandwidth terms

AnZ = & {1+ﬁ[-2—3?—]}

It is seen that if the received photon rate per measurement inter-~
val (fi/ At) is small compared to B, , that the detected fluctuations are Poisson
in character. With highly coherent lasers the transmitted spectral bandwidth can
approach the post-detection bandwidth (1) and wave interaction noise can occur.

The non-coherent background statistics will remain Poisson and the
detection statistics will involve the combination of Poisson and the modified
Poisson due to the laser radiation.

Some insight into this effect on the sensitivity with a time-vary-
ing Poisson process can be provided by the following argument:

Consider the receiver far enough away from the laser source that
very few signal photons per measurement interval arrive. To be specific let us
assume that the average number is 6. If the laser source has average fluctuations
in photons in the measurement time such that the number of average transmitted
photons per méasurement interval varies between n and 2h, then at the receiver, -
the random variation will be such that between 4 and 8 average photons will be ran-
domly received. We continue this rough line of reasoning and note that we will
consider this time-varying Poisson distribution to be in the extreme, specifically
two Poisson distributions, one of average n_ = 4 and the other of average n_ = 8.

" The probability of receiving one distribution or the other is then equally likely
and random. If we now plot the two cumulative distributions, sum them point by

. point and compare it to the Poisson distribution for ﬁs = 6, we can obtain a reason-

(1) There is no point in having the spectral bandwidth less than the post-detection
bandwidth. The minimum spectral bandwidth B, should be twice the post-detection
bandwidth, if the laser is an ideal source with information bandwidth B°/2.




able idea of the 1nf1uence of the laser wave interaction noise at these low signal
levels. (See Figure l).*

‘ It is seefi that the resultant distribution has somewhat greater
‘spread than the Poisson distribution for n_ = 6. Thus the error rates will in-
crease but the increase does not appear significant as noted by the values of -
Pypn for n-- = 1 for the two cases of Poisson and laser-Modified (time-varying)
Poisson. P = ,002 for the Poisson case, P - .009 for the mpdified case. To
state it another way, for the Poisson case, 8 Py = .009 can be attained for

= 4.,7. Thus, for this example a highly coherent laser would at worst require an
increase in received power of approximately 20% (about 1 DB) compared to the non-
goherent source.

Experimental evidence to date has not found any significant noise
~dne to the laser above the normally induced signal shot noise.

.The importarmt point of the above is that it would appear that use
of a coherent laser as & source will not increase the received noise very much, if
at all, over that of a non-coherent source for the same low level signal received.
In fact, when one considers the additional noise upon detection that can result due
to the finite bandwidth of the carrier, it is more correct to be concerned that the
noise bandwidth of the carrier is not of the same order as the information band-
width. The non-coherent laser bandwidth, if it is of the same order as the infor-
mation bandwidth, will upon detection induce significant additional noise and
thereby seriously degrade the signal-noise ratio. A mathematical analysis and
figures are shown in Section 1.2.2. As the curves show, if the noise bandwidth is
much greater than the information bandwidth, less degradation occurs. It is of
value to explain this.

The carrier power we assume is constant. If the power is spread
over a narrow spectrum such that the spectrum width equals the detection bandwidth
(see Figure 2a), then beats will occur between different spectral components that
will be amplified since it is within the detection bandwidth. If this same carrier
pover is spread over a much greater bandwidth (see Figure 2b) then less beats can
occur between components that will result in frequency differences within the detec-
tion bandwidth.. In addition, these beats will be less intense because each spectral
.component is reduced in power. Thus, the smaller the ratio of information bandwidth
to carrier bandwidth, the less noise effects the non-coherent source will cause.

This essentially means that in any system, the laser source must
be chosen with regard to the information bandwidth to be used.

l.2.2 Analysié of 'the Utilization of the Goddard Range
and Range Rate System on an Optical Carrier

In the last periodic report, it was pointed out that there are two
distinctly different ways of applying the Goddard Range and Range Rate System to an
optical carrier. One is direct substitution of the present microwave carrier for
the optical carrier. The other is modulation of the optical beam by the range and
range rate system including the microwave carrier, which would then be & sub-carrier.
-Both systems require analysis to determine under what conditions it would be pos-~
sible to operate. .
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It was pointed out in the last report that the noise bandwidth (or
spectral coherence) of the optical carrier would plaey a significant role in
determination of the feasibility of using the Goddard Range and Range Rate System.
It was shown that it is necessary to determine the signal-to-noise degradation that
will occur due to detection of the optical signal based upon the noise bandwidth of
the carrier, the information bandwidth, and the highest sub-carrier frequency.
There are two important corditions for the amplitude-modulated situation.

A. Baseband condition - where the highest modulation frequencies in-
cluding sub-carrier are less than the carrier noise bandwidth.

B. Sub-carrier condition - where although the information bandwidth
is less than the carrier noise bandwidth, the sub-carrier employed is much greater
than the noise bandwidth.

In this report, a mathematical analysis of condition (A) baseband,
is presented for the first time for the square law detector case which is the true
situation at low signal levels for photon detectors such as photo-multipliers,
photodiodes and photoconductors. The analysis for condition (B) specified above
will be forthcoming in the next report.

Rowe has treated the linear detection of an emplitude modulated
noise carrier. The following analysis extends his work to full wave square law
detection of an amplitude modulated noise carrier.

Consider the AM system shown in Figure 3.

sauare Law| [s + s(1)]2 vz(f), FILTER

DEVICE .

186-004761

Figure 3. -~ AM System

Here the modulating signal s(t) with its DC component S is multiplied by the noise
carrier y(t) to form t?% AM signal. The AM signal is detected in turn by a full
wave square law device ) and then is passed through a filter to recover the
modulating signal, s(t).

(2) The term full-wave sguare law device is described in detail by Davenport and
Root™ by Eq. 13-13 on Page 280. The half-wave square law device is a more
appropriate device to use as an optical detector. As Davenport and Root state
on Page 302 the only difference between the two is a factor of 4, or 6 DB.
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Power Equal. ( See text for explanation. ).




The autocorrelation function of the output of the square law device

2 2 (1)
Re (bt =k { [s+s )] 2 [s5+s09] st}

5 Assuming s(t) and y({) are statistically independent and s, 52,
.and y are stationary and E { s(t) } is zero,
- (2)
Rx (t) =s"ny2 (t) + g2 (2%2) Rye (t)
L ESTR(TIR L (T) 4R (FI R, (T)
The power spectrum is:
+
P, (£) = ? R, (T) @ 32T 4¢ (3)
=00

- [s‘* + 22 s2] P2 () + 8% B 2 (£) + P22 (f)

As Rowe did, let the spectral density of the noise carrier have
Gaussian characteristics,

-fo12
Py (1) = ?—"‘/17? { e -[f;fo]a T -[fo] }, B << fo - ©

and the baseband modulating signal be,

1
5 < W
Py (£) = | 1 o, Iff >W W << fo (5)
L s » £f=0

e T ————— e e 2 i




It can be shown,

P, (f)= [%]28(f)+;5-JZ=,r—5{9"5[ ) voe 3 >

y (6)

Also
Po(f) =S (£) + 2_? P (') Py (£-1') arf 4/4 -
2{-12;,-} 2(a'w-f) , ‘ £ >0
) 2
2{‘%\7 (2w+£) , £<O0
w :
P22 (£) = _‘];’ Po(f) P2 (£-£') af (8)

After neglecting terms centered about + 2fo,

f2
M- -
e (0 - B [ 2] }ﬁwass ¢ =

- 1ff

+—%—[§[{—2}

+ 1;%; { 2-%}[ erf{%—zs -erf{jéa}]...f_(sg)

Ps%z (f) = %g {,’} {2 +T} [ erf{Jg-B}-; erf{;éa;

. _‘7_:%52_[3 %f 1{f2w}] ........ .....r>o

.].




(¢ 0) " A
Psyz (£) = J") P, (fl') Pya (£-£') af' (10)

Again neglecting terms centered about + 2fo
2

Psy2 (£) = [%] Ps (£) + t—%w- {erfb_;—*;’] - erf [ﬁf-'—g-] } ' (11)

: Combining equations (3), (6), (9), and (11) results in the full
wave square law device output power spectral density, Py(f). Removing the Pg(f)
term from Py(f) will leave that part of Py (f) which contains noise terms only.
Integrating this expression from -W to +W which is the low pass filter passband
will give the noise output pewer and dividing by the coefficient of the Pg(f) term
will give the noise-to-sirnel power as & function of % . Assuming the DC part

of the modulating signal to be 3, i.e., S = 3, as Rowe does and omitting the DC .
term in the output because it does not contain the modulating signal results in the
following expression for noise-to-signal ratio.

2
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. : Figures 4 and 5 show this equation plotted. Also shown is Rowe's
linear detector curve for the baseband case.
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1.2.3 Summary of Noise Sources

It is evident that noise sources in laser systems can be numerous.
The list below summarizes the noise sources and indicates the variety of considera-
tions that must be given to a laser receiving system in order to minimize the total

a) Noise-In-Signal (quantum noise)

b) Background radiation noise

c) Internal noise due to dark current

L
e -

d) Noise due to laser local oscillator

pover

Statistical fluctuations
of signal powver

Statistical fluctuations
of background radiation

Statistical fluctuations
of current carriers or
photoelectrons

- Statistical fluctuations.:

of local oscillator

Noises a, b, ¢, d all are different types of shot noise

e) Internal noise such as 1/f noise

and current noise

f) FNoise due to non-coherent or

quasi-coherent carriers

g) Noise due to non-ideal local

oscillator

h) Extra noise from laser source

i) Modulation or tracking scintillation

noise

The shot noise formula

.2
i, = 2qiB

Noise values dependent on
device due to imperfections
of detector

Noise dependent on carrier
bandwidth and information
bandwidths due to detection
action

Noise due to beats between
components of local oscillator
with each other or signal

due to finite noise bandwidth
of local oscillator

Possible to occur due to
high degeneracy of source

Noise due to unwanted
variation in background or
signal average values.

applies to a, b, ¢, d noise types where 1 is the particular current.

- e ———




For noise-in-signal

i =1, = €Pg
hf

For background radiation noise

.. €qP
i = ib = b
ht
For internal noise

i = id, the dark current

For shot noise due to local oscillator power

‘q_Pm (

e il

Where P;, P, and P,, are the received signal power, received
background power and the laser local oscillator power respectively.

The shot noise is essentially flat with bandwidth up to the
post-detection bandwidth response of the detection system.

Dominant at low baseband frequencies is flicker or 1/f noise.
Noise spectrum decreases with increasing frequency. Current noise is the anslog of
flicker noise in tubes. It has also been called contact noise, excess noise, modu-
lation noise, and has sometimes been used to include all types of noise which depend
upon bias current including g-r noise. Current noise, in general, can be described

by o«
2 Cai B
1n = £ 2
B
where 02 is a constant
B = 1.0-1.5 for current noise

& = is a constant from 1.25 to 4

Noise due to non-coherent carrier is discussed in sections 1.21 and
1.22. Extra or excess noise from a laser source is also discussed in 1.21.

Noise due to non-ideal local oscillation can be understood by refer-
_ ence to figure 6. If the local oscillator has a finite bandwidth it is possible for
the components of the local oscillator to beat with itself and generate beats at the
IF vhich is |fjg5 - fs |- These beats will compete with the signal. Since the local

.~ oscillator may be very much stronger than the signal in low level receiving applica-

tions, the spectral width at which these effects.can occur may be very wide. The
bandwidth of concern for the local oscillator may be the 50 DB points rather than

the customary 3 DB. In addition to this noise, if the local oscillator 3 DB bandwidth
is wider than the signal information bandwidth, the IF signal will be distorted due

to mixing of the various local oscillator components with the signal components.

13
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Modulation and/or tracking scintillation noise can be understood
; . by noting that if changes in the average received energy occur that is not due to
i the signal modulation then these changes will result in additional detected noise.
If these unwanted changes occur at the same frequencies as the signal modulation,
tf':e receiver cannot distinguish between it and the desired signal modulation. Thus
systems have to be carefully examined to insure that such unwanted modulation does
not occur at the signal modulation frequencies or if it does, it is of insufficient
magnitude to be harmful. Further detailed treatment of this subject is required
with complete mathematical analysis for various backgrounds ’ tra.cking rates, and
mgdulation frequencies.

W
IY
4

E "mll I DO e s g

" 156-004740

Figure 6. Non-ideal Local Oscillator and Signal Spectrum.
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1.2.4 Information Theory Aspects
_ The quantum effects at optical frequencies must be considered in |
dealing with information theory considerastions such as channel capacity of optical
systens. ‘ :
It is well established that without quantum considerations, that is,
with the classical description of electromegnetic waves, . the information capacity C
of a signal in a channel is given by:

C = Blog‘(1+_§_.)
h N

vwhere:
B is the c{:am&el bandwidth
s is the average signal power o /
N is the additive white noise power

C will be in units of bits per second, the most common
information unit, if the logarithm is taken to the base 2.

In order to realize this capacity limit, the signal must be coded in
such a way as to have the statistical randomness of white noise.

The emount of uncertainty or entropy in a message is denoted by H and
is given as:

Pi log P1

==}
H
n )2

vhere:
Py is the probability of occurrence of an event Ej

The greater the uncerfainty about the message contents prior to
receiving it, the greater the information thus conveyed when the message is received.

When all the possibilities are equally likely:
H = log Mv

and is a maximum for the M possibilities.

The information rate, R, is given by:

R = HB

15




MR B

.

H This can be said more explicitly to be the rate of arrival bf entropy
at the receiver. .

w The information capacity, C, in the presence of noise arises from
two terms, the entropy rate for signal plus noise and the entropy rate for noise
alone. That is, the information in the signal cannot be greater than the entropy

of the combination of signal plus noise less the information less entropy of the
noise alone.

Thus:

C = R(p-sm) -R(p.y)

g C is a maximum when S hes the characteristic of noise. For the
classical electromsgnetic case,

.- + ~
R (P=S+N) = B log i.P.o_I!
R(P=N) =Blog%
o]

P_ being an arbitrary constant upon use of the two rate equations to
find the informatgon capacity C, one obtains the basic information capacity formula
Blog (1L +8.).

N :
If we followed this equation to its limit as S/N approached infinity,
the information capacity would approach infinity. This cannot occur, however,
because of the uncertainty principle. We cannot measure to any desired accuracy
because of the uncertainty principle. We become limited as the noise approaches
zero by fundamental quantum considerations. Thus, when we consider quantum effects,
this equation can no longer be considered valid as it stands.

A derivation of channel capacity with consideration of quantum effects
has been recently accomplished. The entropy per mode for white noise was determined
to be:

H = log (1+m)+m log (L+2%)
' m

where m is the average number of photons in a mode. The energy per mode E is then
hfli. In bandwidth B, the incident power is given by

P = EB = nfinB
By substituting for m we obtain:

H = log (L+ P) + P log (1L+. hfB)
hfB hfB P




The information or entropy rate will then be given by:

R=H =Blog (1+ P) + P_1og (1 + hfB)
| hfB bt -

Noting the C is R(S+N) -— R(N) we can write for the upper limit of
information capacity

C =3Blog (1 + )+__1<>g(1+hf3)-Nlos(l+th)
TR N

‘ N + hfB SR hf
. : where N shall be considered as the additive white noise. If we defined N
E | as the background from a hlacgk body at temperature Ty ‘then:
1
: ' Figure 7 illustrates the resultant maximum information capacity in
" bits/second for different power 1evels & a function of frequency for Ty = 290
) and B = 1 CPS

If N is considerably greater than hfB (the number of photons per mode
is much greater than one) we obtain

C=38 [1og (1+8) - __hfBS

L e...]
N ,2NS+N‘°g

Since N>> hfB, the second term is always much smaller than the
© first and the equation for the classical condition is obtained.

If'we assume N<< hfB, we find
C=Blog (1+ S5 )+ StN log (1L + hfB) - N 1og (hfB)
' hfB  hf S+N hf -
For Y = ehf/kt -1

When S>> N, this reduces to, since"ﬁ»%,
C = B [log (1+m)+@ log (l+’%"ilf logY]
, m

The first two terms depend only on m, which is the ratio of average
signal power to hfB ratio. The last term is negative and depends on the ratio :
hf/kt. For a given optical frequency, f, this term depends solely on the background
temperature T.
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Figure 7. Upper 1:l.mit' to the information that may be incorporated into an electro-
magnetic.wave in a single transmission mode. Thermal noise, as originat-

ing from a black body at 290°K, is assumed to accompany the wave.
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The channel capacity is constituted of two independent parts, one
dependent on the averege signal power to hfB ratio and the other dependent on black

pbody noise.

The two parts are plotted separately in two figures. Only for very
high temperature is the reduction in channel capacity due to this black body noise
. nignificant.

For above figures and expressions for N<< hfB to be valid S>> N but
R is a function of T. Figure 8 shows regions of validity.
)
- The information capacity will be affected by the optical receiver
cgnﬁg\n-ation in that the effective input noise of the receiver will help determine
ge total noise power.
ﬁ The linear amplifier reduces the capacity to that of:

. C = Blog (1 + 5 )
amp_‘ N + KhfB

where K2 1

We can define information efficiency of the que.ntum amplifier as the
ratio of C / vhere Cp,,, 1s the theoretical maximum. For the ideal linear
amplifier oﬁ = 1, Figure 9 illustrates the situation for various values of signal,

s Iy= 290% and B = 109 CPS. Note the rapid drop-off in efficiency at optical
frequencies and low signal powers. This is to be expected since hfB becomes more
‘significant under these conditions.

The photomixing or heterodyne receiver effect on the channel capacity
has been determined to be:

= Blog (1 + S ’
Chet i o th)
e— ' .

It should be noted that N is the additive input noise over the band-
width B which is the IF bandwidth. In the photomixing receiver, the major shot noise
contribution is due to the local oscillator power, and only the background power
that is in the optical signal spectrum (so that it is transferred to the IF band-
width) will be significant as a background noise contribution.

In homodyne operation (zero frequency IF or baseband operation after
photomixing), the information capacity is given by

Chom = g 1og(l+___2_§_)
- N+ BB

2€

N is the background power received in the optical band B, and the
* detection bandwidth need be only B/2.
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Figure 9. Information efficiency for an ideal amplifier of high gain.
Because of spontaneous emission, the ideal amplifier has an
effective input noise power of hvB, which is responsible for
the lowering of its efficiency at high frequencies.
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' : For the quantum counter case, that is a receiver in which photo-
electrons are counted as they are produced from the incident signal, interesting
g.ifferences from the other cases appear.

E1 e |
z " For large received n in the quantum counter case,
gtk et
1 vhere k is the modulation factor end is emall, I, is the photon.information
rete.
If we include background,

I, = 1 log (1+ )
2n _ n+m
' In gemeral, the information, ‘I, is determined to be

T = Ccounter = -Py(1) (1) log p, (1)

B
' y
-n -n
[1 - P, (1) (1-e” ] log [ 1 - Pef1) (1-e )]
+ Pt(l) e log e™®
If we hold average power constant, the maximm information per symbol can
be found by the transcendental equation '

log, [

+
(1]
)
=}
'
'—l
Som—
fl
B

»F{"'

Figure 10 plots this equation and gives the maximum information conditions
for il and fi,.. Example: If we have average photons received per interval of about
ﬁr = 1.6, the maximum information capacity is attained for pulse system when
a=5h photons/received pulse. 'I'he system should be constructed and coded so that

Pe(1) = 2.6/k =

At small values of fi_, the curve levels off so that even at very low values
of fi,., the maximum information capacity will be obtained for average photons per ‘
received pulse not much less than one. This indicates that for low average signal
levels, a pulse system of very low duty cycle will be more efficient.
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For extremely small signals log, 1L_>>1 and L = -—» i log 1

Ay i,
The addition . of non-signal photoelectrons into the quantum counter
system will not significantly affect results as long as the number of non-signal

photoelectrons per 1/B interval is much less than the signal photoelectrons in the
same interval.

The information efficiency C.ounter/Ctheoretical 18 Plotted.

Information efficiency as a function of non-signal photoelectrons for
ratios of P/hfB is also plotted. The coherent amplifier efficiency is also plotted.

At low background and low internal noise, (n < <1) the quantum counter is
more efficient. As n, increases towards unity, the coherent amplifier shows greater
potential efficiency. e

When the average number of received photons per interval becomes much
greater then unity (i.e., P>> hfB) the information capacity of the quantum counter
approaches half the theoretical maximum capacity, or in words, the information
efficiency .approaches 0.5. For large number of photons per interval, the quantum.
considerations should not be significant. Further, it is known that, classically,
equal amounts of information may be obtained from amplitude and phase measurements;
thus, since the quantum counter throws away all phase information, it should be
half as efficient as possible.

The information efficiency for the various receiver systems hﬁ been plotted

in 11 for a particular set of conditions of Ty = 290°K, P = 107 watts,
B = 107 CPS. s/hB
0 1 []] oot
0] ¥ ¥ T -
S =10 warY
B =1w0'crs
T"'zoo.K
0s
BINARY COUNTER
> 06} '
O
&
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o" io'2 o 104 ws s
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Figure 11. Information efficiency for various receivers for an average received
signal power of 10 Dc'v & bandwidth of 10”7 CPS, and an external noise
temperature of 290 -Note that at the higher frequencies the coherent
- emplifier is not as good as the other types of receivers.
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1.3 New Technology

-

There are no reportable items within the meaning of the New Technology
clause of NASA Form 417 (1-63) and Alteration dated November 1963.

1.4  Program For Next Reporting Period

In the next reporting interval, the following work will be accomplished
on Task I. First, the case of a microwave sub-carrier on an optical carrier will be
- analyzed for its effects on detected signal-to-noise ratio in a square-law detector.
Second, an analysis of photomixing and photodetection techniques will be included
with emphasis on system considerations, theoretical and practical. The limitation
of present receiving devices on photomixing and photodetection systems will be
analyzed and areas of necessary improvement noted. A specific noise study of the
dynamic-crossed-field electron multiplier will be undertaken in this report period.

* -

1.5 Conclusions and ﬁecomenda.tions

It has been shown that there are many noise sources to be considered in
laser systems; some can be minimized considerably by understanding their origin. It
was shown that the noise bandwidth of the carrier and the information bandwidth of the
signal are interrelated in determining the detected signal-noise ratio. This indicates
that choice of a laser source will depend, in part, upon the bandwidth of the trans-
mitted information. One cannot simply modulate a laser source and expect a reasonable
signal-noise ratio without serious consideration of the carrier and information
bandwidth factors.

Information theory aspects indicate that a low duty cycle pulse coding
may be the most efficient transmission at optical frequencies. This does not
necessarily mean a binary type code. A pulse position system with many possible
positions may be desirable in that it could be very efficient.

In a system situation, each one of the noise sources should be examined
to determine its particular effect on the overall signal-noise ratio. In so doing,
one will be able to determine the system component specifications necessary for
adequate system operation.

To accomplish this, it is necessary to study in detail such items as
tracking and scintillation noise modulation and noise effects in amplitude modulation
of quasi-laser carriers. .

Improvement in system performance can be obtained by study of optimum
thresholds to reduce error rates and optimum methods of coding for highest informa-
- tion efficiency.

All of the above should be examined with regard to system configurations
* for satellite-earth links. Because of the novel nature of laser communications and
the many possible noise contributions, it is most important to examine all possible
system aspects to eliminate undesirable configurations and optimize desirable con-

figurations. » .

—
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2. TASK II EFFORT

i 2.1 Introduction

Task IT consists of a series of ten lectures, each four hours in duration

to be presented by Mr. Monte Ross. The lectures, which shall deal with laser
‘receivers and systems, shall include the subject matter of Task I. Five lectures

were given in the second quarter.
2.2 Discussion

i Five lectures were delivereéd by Mr. Monte Ross at Goddard Space Flight
Ognter, Greenbelt, Maryland, during the period of 17 August to 21 August 1964. The
subject matter of these lectures was as follows:

1. Radiation La.ws and Statistics
2. Noise and Fluctuations
3. Detection Statistics

4, Information Theory Aspects

2.3 New Technology

There are no reportable items under Task II within the meaning of the New
Technology clause of NASA Form 417(1-63) and Alterations dated November 1963.

2.4 Program for Next Reporting Period

The subject matter for the remaining five lectures under Task II will
include Receiving Devices, Receiving Techniques, Receiving Systems, and Electro-
Optic Devices.

2.5 Conclusions and Recommendations

It is deemed to be more beneficial to NASA to have the lecture material
provided in the form of manuals which would be used as Textbooks by the attendees
at the lectures. The manuals would contain lecture material for the first five

‘lectures, as well as lecture material for the remaining five lectures to be given

under Task II.
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3. TASK III EFFORT

3.1 Introduction

Task III consists of developing and delivering one Dynamic Crossed-Field
Electron Multiplying (DCFEM) light demodulator which is to be capable of a voltage
signal-to-noise ratio of 3 DB when detecting 10-12 yatts of 6321AU radiation with a
modulation frequency of 3 KMC and a detection bandwidth of 1 KC.

The device incorporates many desirable features of static multipliers, such
as low noise, exceptionally high emplification, and good spectral response; it has
the additional advantage of providing wide signal bandwidth and a much simpler
cathode and secondary emission structure. It has superior characteristics when com-
paned with other available devices capable of detecting high frequency modulation.

This device is the first photomultiplier with microwave response. It
enables use in instrumentation and scientific experiments where pulses of a nano-
second or less need to be detected in a sensitive manner.

The high sensitivity and large bandwidth of a microwave-bandwidth photo-
multiplier results in instrument capabilities not previously possible, and makes
feasible laser systems for space communications and high-resolution radar.

The DCFEM can provide unsaturated outputs exceeding one MA, thereby
elimirating the need for post detection eamplification as well as linear and stable
gain over a wide range of operating conditions.

A schematic diagram of the basic detector configuration is indicated in
figure 12. This figure shows two electrodes incorporated in the high electric field
' region of a rectangular metal cavity resonant at 3 GC. Typical parameters for this
configuration are an integ-électrode spacing of 3 MM, and an electric field intensity
in the range of 10° to 10 volts/meter, providing eight multiplication stages. A
microwave pump source of not more than a few watts is needed. The active electrode
(secondary emission surface) is Bergllium-Copper, Magnesium Oxide or some other suit-
able material. A small area (20 MM2) of the active electrode is covered with a
photocathode chosen for the spectral response desired. An external magnet supplies
a uniform field of about 500 gauss. The length of the column supporting the pedestal
is chosen for either 1/k or 3/h-wavelength resonance modes. It is to be noted that
only three external electrical connections are required in contrast to the ten or
more connections commonly required with electrostatic photomultipliers.

The electron multiplication in the detector is realized by providing a
region in which there are two spatially uniform crossed fields. 1In figure 12 the
static magnetic field points out of the plane of the paper, and the microwave elec-
tric field lies vertically in the plane. The region is bounded by two electrodes,
one active electrode having a high secondary emission ratio, 8, and the other an
inactive electrode or pedestal having a 8 of less than unity. Incident light on the
photocathode produces photoelectrons which are accelerated initially in the positive-x .
direction during the positive portion of the microwave voltage cycle. However, the
magnetic field curves the paths as shown, and during the negative portion of the
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q&cle the electrons impinge back onto the active electrode where they produce
s,gconda.ry emission electrons. Each of these secondaries is accelerated and curved.

‘back onto the active electrode, where additional secondaries are produced. This

multiplication process is repeated for n stages, after which the electrons are
collected by the coaxial collector assembly.

£ From preliminary work in the first quarter it was determined that for high

- vacuum purposes it would be an improvement to re-design the cavity in a cylindrical

rather than rectangular geometry as shown in figure 13. This cylind.rical geometry

- :ls smaller and easier to fabricate, assemble, and align and its electrical character-

iétics are as good as or better than the rectangular configuration.

, Work in the second quarter has seen construction and evaluation of the
cylindrical geometry tube. Results indicate good progress towards the objective.

3.2 Discussion

., -

3.2.1 Tube Construction

A detector was brazed together in the vacuum furnace described in
the last quarterly report. It is shown in figure 14. When the final brazing opera-
tion was completed the detector body was leak checked and a small leak was detected
in the sapphire window. The sapphire to Kovar joint was then gold plated and again
baked out in an attempt to seal the leak. This procedure failed. It was then '

' decided that since the leak was small (10'6 mn-Hg) that it would be closed with low

vapor pressure epoxy. This seemed preferable to discarding the tube body. The
quarter wave, isolated, shorting section was inserted and the assembled tube was
"baked out" on the vacuum pump. Upon completion of the "bake out" procedure it was
discovered that the detector cavity indicated no resonance at 3000 MC as expected,
and previously measured. When the device was removed from the vacuum pump and again
tested, it exhibited the proper resonance response. After considerable testing and
re-testing, it was determined that one part of the two piece quarter wave, isolated,
shorting section had warped several thousandths of an inch and was not meking proper
electrical contact.

This section was repaired and re-assembled providing the expected
resonance, however, the expected "Q" was also attributed to the warped section of
the quarter wave shorting section.

An Antimony-Cesium photocathode was formed after the device was re-

- assembled, evacuated, and baked out. After the formation of the photocathode, an

electromagnet was placed in the proper position and the RF drive was applied, as
was the DC field.

The detector operated properly with 5 watts of input power at 3.125
KMC, 900 volts of DC and a 750 to 800 gauss magnetic field. The small signal current
gain of the detector was 107 under these conditions. Additional gain could be
obtained by increasing the RF power input, however, the device tended to be unstable
and would occaaionally multipactor.
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The electron collection efficiency was measured and found to be
between 70% and 80%. This was less than the 99% collection efficiency of the previous
3 A/4 tubes. This reduction of collector efficiency is attributed to the fact that
the collector in the present detector is about 0.050 inch below the dynode surface,
vhereas it was flush with the dynode surface in the old 3 A/l detector. This also
accounts for the reduction of maximum current output at saturation. It was 4 milli-

. emps compared to 6 milliamps on the 3 A /U detector. There is some evidence that

the instability encountered at higher power levels may be involved with the uncollect-

~ ed electrons. This is thought to be a possibility since the 3 A /4 detectors were
‘sttible with as much as 4 times the normal input power.

, Two additional detector envelopes were brazed together during this
reporting period. One of these leaked severely and was discarded. The other unit,
it was found, had a loose collector, however, it is vacuum tight. Attempts are being
made: to replace the loose collector with one that will very nearly be flush with the
dynode surface in order to cpllect the bulk of the electrons produced. In addition,
all of the present A /4 isolated shorting sectiors are of one piece construction in
order to eliminate the earlier problems encountered. Cavities using the one piece
shorting sections have exhibited "Q's" between 800 and 1000, which is desired.

3.2.2 Preliminary Measurement of Frequency Response of DCFEM

The frequency response of the detector was investigated using two
methods of analysis. The first method involved beating together og the detector
photocathode, the available excited modes in the output of a 6320 A visible gas
laser. The modes are separated by 150 megacycles corresponding to half wavelength
Jongitudinal modes of the meter long resonator system used to excite the laser modes.
The second method utilized the input light created shot noise of the detector.

The discernible beats obtained from the gas laser input ranged from
150 megacycles to 600 megacycles. The first two beats, 150 MC and 300 MC were
detected on a Polarad spectrum analyzer, Model STU-1B equipped with a 10 MC to
1000 MC RF tuning head.

The output beats were photographed on a Polaroid camera attachment
and are shown in figure 15. The 450 MC and 600 MC beats were detected with a NF 105
narrow band receiver tunable from 400 MC to 1000 MC. The receiver contained a signal
strength meter, and relative measurements indicated that the 600 MC beat was 12 DB
below the 450 MC beat. This result is consistent with theoretical predictions since
the modes which produce the beats decay as in a Gaussian distribution. No attempt
at this time was made to determine the bandwidth of the beat outputs, since they
were considerably narrower than the IF bandwidths associated with the measuring

equipment (less than LO KC).

- The results of the beat experiment indicate that the tube is capable
of responding to and reproducing at the least,a frequency of 600 MC. Further work
will attempt to reproduce beats higher than 600 MC. One approach may be to excite
more longitudinal modes in the gas laser by using a different mirror configuration
in the laser resonator. All the previous experiments were conducted with the most
stable mirror configuration which produced the least number of excited laser modes.
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a. 150 MC

b. 300 MC

Figure 15. Laser Beat Frequencies Obtained from DCFEM Detector.
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‘ 5 larger number of modes would in effect distribute the available laser poﬁer more
evenly between the output beats, decreasing the most prominent 150 MC beat, but also
- jncreasing the amplitude of higher frequency beats.

The shot. noise method of determining frequency response involved
measuring the noise output of the detector at various portions of the frequency
spectrun. The base line noise of the receiver was measured by preventing any light
~ energy from impinging upon the photocathode of the detector. Light induced shot

noise was then displayed as increased amplitude from base line with the introduction
of light energy. Measurements at 150 MC, 300 MC and 1000 MC vere taken with the
Polarad spectrum analyzer, and are shown in figure 16. The results indicated that
the amplitude of the shot noise remained constant throughout the frequency band up
to 1000 MC, which was the limit of the tuning head. In effect the results show:
1) that the output frequency characteristics of the detector are not degraded up to
1000 MC, and 2) amplification of frequencies up to 1000 MC occurs with a constant
gain factor.

Additional work will be continued in the next period end will include
the use of a 3000 MC modulator to amplitude modulate the input light signal. The
detector will then operate in the heterodyne mode and mixing frequencies will be
obtained.

3.3 Kev Technology

There are no reportable items under Task III within the meaning of the New
Technology clause of NASA Form 417(1-63) and Alterations dated November 1963. It is
expected that there will be reportable item(s) when concepts described in this
report are first reduced to practice.

3.4 Program for Next Reporting Period

The program for the next reporting period will be to build a demountable
tube for delivery to NASA. This device will be supplied with an external electro-
magnet to supply the required magnetic field and may also contain a 0.15 liter/
second Vac-ion, appendage pump to maintain the required high vacuum.

Measurements of a more quantitative nature will be made to establish the
device parameters.

3.5 Conclusions and Recommendations

Three DCFEM's with cylindrical geometry configuration were constructed and
~ tested in the second reporting period. One was discarded, one is being modified,
and one was operated to obtain preliminary data. Construction techniques developed
for Task III appear adequate for experimental tubes, and preliminary data indicates
that objectives are being met ahead of schedule.

It is recommended that the program for Task III be accelerated to permit
delivery of the DCFEM ahead of schedule. This will permit use of this device in
NASA's Optical Sensor Program at Goddard Space Flight Center at an advanced date
and thereby accelerate NASA's overall objectives. .
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It is further recommended that future work include the following:

1. Reduction of minimum microwave power input by reducing the step
spacing and improvement of the cavity Q.

2. Improvement of the collector efficiency.

3. Improvement in design of the magnetic field so that the developedtubes
Bhould. be *: -compléte: with a light-weight permanent magnetic field.

4. Development of tubes with additional photosurfaces. Investigation
of photosurfaces such as S-17, §-1 and §-20 should be accomplished.
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